A variety of techniques are available today that may be employed by the compressor designer to minimize the adverse effects of inlet distortion. The effects of individual stage rotor matching and blade chord length have been qualitatively indicated by isolated airfoil data. These effects have been verified through testing of several multistage axial flow compressors. Matching of early compressor stages well below their peak pressure ratio has been shown to significantly reduce the sensititivty of the entire compressor-to-inlet distortion. Careful selection of blade geometry by the designer may be used to provide a favorable balance between distortion tolerance and performance. In addition, increases in rotor blade chord length and use of honeycomb blade tip shrouds have been shown to further reduce the compressor's sensititivity to distortion. Finally, the association of inlet distortion with turbulence is established. This association assures the designer that accommodations made for time-average spatial distortion will be effective in combating the adverse effects of inlet turbulence.
the aircraft to perform its design mission.
In the past, the achievement of compatibility has been largely a cutand-try process on the part of both engine and inlet manufacturers. This awkward situation resulted from the lack of an adequate library of experimental data to serve as a guide in the design of low distortion, lightweight inlets and in the design of compressors with high tolerance to the destabilizing influences of the inlet. The problem was further complicated by the lack of tractable analytical tools to handle the extremely complex aerothermodynamic problems involved in predicting the performance of a compressor operating in a distorted inlet environment. Similar difficulties have also prevented the a priori prediction of the distortion produced by a new inlet design.
Today, however, sufficient data have been recorded and correlated to permit the compressor designer to move boldly in specifying configurations that will exhibit low losses in stability margin and performance when subjected to inlet distortion. Analytical methods are also used to provide a quantitative appraisal of many of these configurations.
It is the purpose of this paper to acquaint interested engineers within the aerospace industry with a few of the more promising techniques that may be used to control a compressor's response to distortion. It is also hoped that, by understanding the response of a compressor to distortion, those involved in inlet design will be encouraged to devise systems that minimize maldistribution of the compressor face flow field properties. Such a joint effort on the part of both inlet and enaine designers will ensure the successful development of new high performance aircraft.
II. EFFECTS OF DISTORTION AND TURBULENCE ON COMPRESSOR

PERFORMANCE
To ensure propulsion system stability in the operating environment imposed by modern fighter aircraft, the engine designer must employ a multiplicity of techniques such as those illustrated on figure 1. While all of these techniques are important for overall engine stability, this paper will focus on those features which are particularly directed toward improving the tolerance of the fan or compressor to inlet flow maldistribution.
Data from a variety of axial flow compressors have shown that features such as those mentioned on figure 1 can significantly alter the sensitivity of the machine to distortion.
The nature of these effects has been the focal point of extensive study. The results of this study have been incorporated into an effective stability design philosophy as discussed in the following paragraphs.
Spatial Distortion -A Maldistribution of Inlet Pressure
Except during test stand calibration, the compressor of a modern aircraft engine is seldom run in a uniform inlet flow field. The inlet total pressures to which the compressor will be subjected during actual service are likely to be severely maldistributed, as illustrated by figure 2. In their original form, such complex patterns are not easily managed from an analytical point of view. However, experimental data and analysis suggest that these patterns may be broken down into radial and circumferential components, as shown in figure 3. These constituent patterns may then be analyzed to determine their individual and collective effects on compressor performance.
Spatial Distortion Results in Off-Design Operation of Compressor Blading
In general, operation with severe spatial distortion will result in compressor performance characteristics that depart significantly from those obtained during undistorted operation, as illustrated in figures 4a and 4b. These departures result, in part, from the variations in velocity and hence in incidence angle to which the blades are exposed as they rotate through a circumferentially distorted inlet flow field. These variations, as determined from testing of a typical low hub/tip ratio stage, are illustrated in These static pressure gradients must be taken into account in an analysis of the effects of distortion on compressor performance since they are very influential in establishing the true velocity triangles into the compressor.
As figure 5 illustrates, the region of low total pressure in a distorted inlet flow field will be characterized by relatively low axial velocity, C. For a given degree of turning by inlet guide vanes or stators, this low level of C . will produce a high incidence angle on the following rotor. This effects an increase in the work done by the rotor. The substantial dynamic stall loss seen in figure 11 is very much a function of the reduced frequency (bw/v) that was maintained during that particular test. C.
For a given distortion intensity, ap T/1/2 pu!.
the resulting loss in surge margin will in many cases be diminished as the circumferential extent of the largest low pressure region is reduced.
Such a change in extent will increase the effective frequency associated with the exposure of the rotor to high incidence angles.
. Early Stages Matched Below Peak Pressure Rise Provide
Increased Distortion Tolerance
The isolated airfoil data presented above indicate that, for maximum tolerance to fluctuations in incidence angle, the airfoil should be nominally matched well away from stall. When applied to compressor rotors, as previously mentioned in subsection 2, this implies that matching the initial stages of a compressor well below their respective peak-pressure-rise points will increase the machine's tolerance to distortion. The nature of this effect is discussed in the following paragraphs.
The reduction in velocity, C x , and the associated excursions to high rotor incidence angles that result from operation in the low pressure portion of a distorted inlet flow field were illustrated in figures 5 and 6 . During very brief excursions to high incidence angles, a compressor rotor can produce a temporary pressure rise greater than the maximum obtainable during steady-state operation.
This trait is helpful in achieving high levels of distortion attenuation across a single stage. However, when the intensity of the inlet distortion is sufficiently great and/or the nominal undistorted stage match point (see figure 7) is sufficiently close to peak pressure rise, the above-mentioned incidence angle excursions will fail to produce the desired attenuation of distortion and will, in the limit, result in stage stall. When a sufficient number of stages are so affected, the compressor will, stage. This is also reflected as an attenuation of velocity distortion into the following stage.
During a recent test series the above'effect was further verified by increasing the volume between the 1st and 2nd stages of the 3-staae rig discussed in Reference 3. It was then found that, by appropriately matching the 1st stage, the loss in overall peak pressure rise due to distortion could he reduced to approximately 1/2 of that reported in Reference 3.
The correlating parameter, stage stability margin, as used in figure 14 reflects the degree to which the stage in question is matched away from the peak of its pressure rise characteristic; the parameter is defined by the following equation.
performance, compressor frontal area, etc., to ensure selection of the optimum design for a givdn application.
In the past, excessive emphasis often as been dlaccd on (1) minimum weight designs, (2) the achioveu,nt (during In the above discussion it has been indicated that a high level of stage stability margin may be difficult to obtain without some sacrifice in weight, undistorted performance, frontal area, and/or mechanical complexity.
To avoid excessive penalties from over-design, it is extremely important to have an insight into (1) the number of stages in a particular compressor that are exposed to high levels of distortion, (2) their attenuation or amplification characteristics, and (3) the change in overall compressor distortion tolerance with stability margin of these stages. This knowledge may be obtained through an exhaustive test program and/or through advanced analytical techniques.
. Effect of Rotor Blade Chord Length on Compressor Tolerance to Circumferential Distortion
The isolated airfoil data presented earlier in subsection 3 indicated that an increase in blade chord length would provide a favorable change in the reduced frequency that characterizes an oscillating change in blade angle of attack. Associated with this change in reduced frequency is a reduction in the dynamic stall losses that result from high instantaneous angles of attack.
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The above observations imply that, if there are points of sipilarity between the performance of isolated airfoils and rotor cascades, the adverse effects of circumferential distortion 'ill be reduced by an increase in rotor blade chord length. These effects have been systematically evaluated on a low speed, 3-stage axial flow compressor and were reported by Roberts, Plourde, and Smakula (reference 3). The data from this test series are presented in figure 22 , In this illustration the distortion was almost purely circumferential and was produced by a uniformly perforated plate that blocked one-half of the inlet duct ahead of the rig. It should be noted that in this experiment, peak pressure ratio was limited by rotor stall.
As the data presented in figure 22 shows, rotor chord length exerted a much stronger influence on performance with circumferential distortion than did stator chord length.
The relative motion between rotor blades and the circumferentially distorted flow field give rise to unsteady airfoil effects as discussed previously in subsection 3.
These effects are favorably altered by changing the reduced frequency (bo,/v) through increase in rotor chord length.
The stators, being stationary with respect to the distorted flow field, cannot exert a similar influence.
Effect of Variations in Circumferential Extent of Distortion Pattern
apparently from higher levels of reduced frequency. In earlier test programs it was shown that honeycomJ)
shrouds in the early stages had no significant effect on the undistorted surge line. Therefore, the effect of these shrouds was to reduce the sensitivity of the fan to distortion rather than to increase the basic level of surge margin.
While much work remains to he done in the area, it is currently hypothesized that, at high positive rotor While these techniques will reduce the sensitivity of the engine to inlet distortion and turbulence, they cannot completely eliminate the losses in performance and surge pressure ratio.
In addition, their use may result in some increase in weight.
Therefore, in the interest of maximizing overall aircraft performance, it is imperative that corresponding diligence be exercised by the inlet designer to minimize maldistribution of the flow field properties at the compressor face. . i a 
